Background Cystinuria is the most common inherited cause of urinary tract stones in children. It can lead to obstructive uropathy, which is a major cause of renal failure. Genetic studies have identified two genes, SLC3A1 and SLC7A9, to be directly involved in cystine stone formation. Slc3a1 knockout male mice develop cystine stones in the bladder and, to a lesser extent, in the kidney. Slc3a1 knockout female mice also develop cystinuria, but they do not form stones. The specific aim of this study was to characterize bladder function in cystinuria mice. Methods Eight control (4 male, 4 female) and 16 Slc3a1 knockout (9 male, 7 female) mice of mixed strain background (C57B/129, age 4-5 months) were evaluated. Each mouse was anesthetized and the bladder dome catheterized for cystometry. Immediately following cystometry, the bladder was excised, weighed, and separated into three full thickness strips for contractile studies. Results Bladders from cystinuria male mice had significantly increased weight, all of them had stones, decreased compliance, and decreased contractile responses to field stimulation, ATP, carbachol, and KCl. Compared with controls, female knockout mice showed normal bladder weight, decreased voiding pressure, slightly decreased compliance, and slightly decreased contractile responses.
Introduction
There are multiple etiologies of bladder obstruction in humans. Congenital causes of obstruction include posterior urethral valves (PUVs), which can have profound detrimental effects on bladder, ureter, and kidney function in male children [1, 2] . About 10-15% of children undergoing renal transplantation have PUVs as the cause of their renal insufficiency through high intravesical pressure which can damage the kidneys and ureters. Cystinuria, due to cystine accumulation, can lead to obstruction, re-current infections, and renal impairment that may require transplantation [3, 4] . Partial bladder outlet obstruction (PBOO) is a common lower urinary tract disorder in elderly males. The primary cause is compression of the urethra due to benign prostatic hyperplasia. PBOO can also occur in post-menopausal women as a result of estrogen deficiency [5, 6] . Other causes of bladder obstruction include bladder and pelvic tumors and spinal cord injury.
Numerous animal models of PBOO have been described. The most widely used animal is the rabbit, but the pig, rat, and mouse also have been used [7] [8] [9] [10] [11] . Although there are significant differences among animal models of PBOO, there are many similarities among these models and the obstructive dysfunction seen in humans. These similarities include denervation, mitochondrial damage, dysregulation of intracellular calcium storage and release, smooth muscle hypertrophy, mucosal hyperplasia and damage, susceptibility to infection and inflammation, and decreased compliance. Animal models also have a number of limitations, including the fact that the prevalence of bladder obstruction is higher in males than in females, but female rodents have been used in several studies because of ease of manipulation.
Cystinuria is an autosomal recessive disorder caused by mutations in the renal and intestinal transporter system (rBAT/b0, ?AT) for cystine and the dibasic amino acids [12] [13] [14] . Cystine is relatively insoluble at physiological pH and it accounts for approximately 10% of kidney stones in children. Unless treated, patients with cystinuria will form stones throughout their life [4, 15] . Cystinuria is more common in males and recurrent infections and bladder stones (after which the disease is named) can be a significant cause of renal impairment in these patients. Cystinuria is classified as Type I or Type II. Type I is caused by mutations in SLC3A1 (encoding rBAT), and Type II by mutations in SLC7A9 (encoding b0, ?AT). Knockout mouse models for Slc3a1 and Slc7a9 have been described [16] [17] [18] . We created Slc3a1 knockout mice to investigate the molecular and cellular basis of stone disease in cystinurial. Cystinuria male mice develop bladder stones which can lead to obstruction, infection, and renal damage. These observations provide the rationale for using cystinuria mice as models for bladder obstruction.
Methods
All procedures and protocols were approved by the Institutional Animal Care and Use Committee of the Stratton VA Medical Center. Three groups of mice were evaluated: 8 control (4 male, 4 female) and 16 Slc3a1 knockout (9 male, 7 female) mice. The mice were of mixed strain background (C57B/129) and 4-5 months old. Each mouse was anesthetized with 0.1 ml of pentobarbital (50 mg/ml). The bladder was exposed through a midline incision and the bladder dome catheterized with PE-50 tubing with a 23 gauge needle connected to the bladder [19, 20] . The PE tubing was connected to a Harvard infusion pump with a Statham pressure transducer in line for monitoring bladder pressure and recording the pressure on a Grass Polygraph. Saline was infused at the rate of 0.59 ll/min until overflow incontinence occurred. At this point, bladder volume was recorded. Cystometric curves are presented, normalized to 100% of bladder volume at leakage. From the cystometric curve (increase in intravesical pressure with volume), bladder compliance was calculated as the mean rise in pressure between 0 and 20% capacity. This represents the initial rise in pressure with increasing volume and thus is an excellent representation of initial compliance of the bladder. In this way, we normalize for differences in bladder capacity among the groups.
Immediately following cystometry, the bladder was excised, opened longitudinally and washed free of stones with oxygenated cold Tyrodes solution, and weighed. The mouse was then euthanized with 0.1 ml Fatal Plus euthanasia fluid, i.p. The bladder was separated into three full thickness strips from dome to base. Each strip was mounted in isolated baths containing 15 ml oxygenated Tyrodes solution (37°C) with glucose (1 mg/ml) and 1 g of tension was placed on each strip. Preliminary studies demonstrated that at this passive tension, maximal active tension was generated for all groups. These strips were then stimulated with field stimulation at 2, 8, and 32 Hz. Following field stimulation, the strips were sequentially stimulated with carbachol (20 lM), ATP (1 mM), phenylephrine (100 lM), and KCl (120 mM) with three washes with fresh oxygenated buffer between agents at 10-min intervals. We use only one concentration of drug to avoid fatigue of the strips due to continued stimulation by dose response studies, which occurs frequently in strips isolated from obstructed bladders.
Statistics
Analysis of variance followed by the Bonferonni test for individual differences was used. A P \ 0.05 was required for statistical significance.
Results
The control mice had no bladder stones. There were no significant differences between the control male and female mice in any parameter, and thus we combined them into one control group. All male cystinuria mice had stones whereas the female cystinuria mice did not. Figure 1 shows a micro computed tomography scan of the bladder from a male mouse containing stones, and Fig. 2 shows the stones present in another male mouse when the bladder was opened. 2. The number of stones ranged from a few to over 20. There was also a wide variation in stone size (and hence weight), with the largest stones approaching 4 mm in diameter.
An increase in bladder mass was clearly evident when this organ and the kidneys were removed from cystinuria male mice, whereas bladders from cystinuria female mice were of normal appearance. In paraffin sections, cystinuria male mice showed clear evidence of smooth muscle hypertrophy and basement membrane thickening of varying degrees.
Females cystinuria mice of this age group showed no gross lesions (data not shown).
The mean weight of the recovered stones per male mouse was 227 ± 98 mg. There was no difference in the body weight among the three groups, however, the bladder weight of the cystinuria male mice was over fourfold higher than the bladder weight of the control mice [control = 25 ± 1 mg; male cystinuria = 114 ± 12 mg*; female cystinuria = 22 ± 0.5 mg (*, significantly different from control; x, significantly different from male cystinuria; P \ 0.05)]. The large stones in the male bladder relative to the kidney are not surprising, since urine accumulation in the bladder can provide an environment for further crystal precipitation and stone growth. Although the cystinuria male mice had large heavy bladders, the volume at capacity was significantly lower than the capacity of the control mice (Fig. 3) , probably due to the presence of large stones. Cystinuria female mice however showed a significantly lower pressure at leakage and an increased volume compared with the male cystinuria mice (Fig. 3) . This finding could be related to the anatomy of the female urethra and the lower outlet resistance, it provides compared with the male urethra.
Cystometric curves for the control and cystinuria male and female groups are presented in Fig. 4 . The intravesical pressure at capacity was similar for the control and male cystinuria groups, but significantly lower in cystinuria female mice (Fig. 4) . The quantitative determination of compliance (rate of intravesical pressure rise over the first 20% bladder volume) is shown in Fig. 5 . Cystinuria male and female mice showed poor compliance compared with controls, with the males being significantly worse than the females (Fig. 5) . The contractile responses to field (neurogenic) stimulation are shown in Fig. 6 . For both maximal contractile response, and the rate of tension generation (data not shown), the male cystinuria mice responded between 20 and 30% of the response of the control mice. Similar decreases were observed for the responses to ATP (purinergic receptor agonist), KCl (smooth muscle membrane depolarization), and carbachol (muscarinic agonist) (Fig. 7) . Interestingly, the contractile response to phenylephrine (alpha-adrenergic agonist) was similar for all groups (Fig. 7) . In general, for all four stimuli female cystinuria mice showed either the same contractile responses as the control mice, or the response was slightly lower (Figs. 6, 7) .
Discussion
The mutational bases of cystinuria have been deciphered to a large extent in recent years [12] [13] [14] , and the pathologic bases are beginning to be defined Fig. 3 Cystometric values: pressure at leakage and volume at leakage. Each bar is the mean ± SEM of 7-9 mice. *Significantly different from control; x, significantly different from male cystinuria mice (P \ 0.05) Fig. 4 Cystometric curves for the control, male, and female cystinuria mice. Each point is the mean of 7-9 individual values Fig. 5 Bladder compliance: each bar is the mean ± SEM of 7-9 mice. *Significantly different from control; x, significantly different from male cystinuria mice (P \ 0.05) [21, 22] . What effects cystine crystals or stones have on bladder contractility is not known. This question is clinically significant since poor bladder contractility can result in an increase in post-void residual urine volume, inefficient bladder emptying, and further stone growth in the bladder. Thus, we examined the relationship between cystinuria and bladder contractility in our cystinuria mouse model. The use of Slc3a1 and Slc7a9 knockout mice has resulted in significant advances in our understanding of the pathogenesis of cystinuria [16] [17] [18] .
One interesting observation from our study is that the incidence of stones in the knockout mice is significantly greater in males than in females. However, the compliance of the female cystinuria mice was significantly poorer than the compliance of the control mice. The reason for the sexual bias in stone formation is not known, but it has been observed in a number of other knockout mouse models for stone disease, including the Aprt (adenine phosphoribosyltransferase) knockout mouse model developed in our laboratory [23] [24] [25] [26] . APRT catalyzes the synthesis of AMP from adenine and 5-phosphoribosyl-1-pyrophosphate. In the absence of APRT, 2,8-dihydroxyadenine is produced from adenine by xanthine dehydrogenase and it can precipitate in the renal interstitium, resulting in kidney disease [23] . Similar to the cystinuria mice, Aprt knockout mice show a marked sexual bias in that males form stones to a significantly higher degree than females [25, 26] .
In addition to the renal and ureteral damage caused by the stones, cystinuria male mice show all the classic urodynamic and contractile dysfunctions of obstructive bladder disease. These include increased bladder weight, poor compliance, and decreased contractile responses to field stimulation, ATP, carbachol, and KCl. The contractile response to phenylephrine was similar for all groups, suggesting that the alpha-adrenergic receptor density may be unchanged by obstruction and/or the urethral smooth muscle component of the male cystinuria mice was not affected by cystine crystals or stones.
Often in animal models of partial outlet obstruction, the increase in bladder mass is accompanied by an increase in bladder capacity; however, in these studies, the increase in bladder mass was accompanied by a decrease in capacity. This is likely due to the increased thickness of the bladder wall, increased stiffness, and presence of bladder stones, all of which would limit bladder capacity. These studies clearly demonstrate that the bladder stones in the male cystinuria mice result in a partial outlet obstruction of the bladder, characterized by increased bladder weight and wall thickness, decreased compliance, and decreased contractile responses to all agonists except for phenylephrine. The presence of large stones in the bladder from cystinuria male mice is consistent with the observation that some children with cystinuria are able to pass relatively large stones [27] . The histological findings of thickened basement membranes and muscular hypertrophy in bladders from cystinuria male mice suggest that stones caused outlet obstruction, either directly or by affecting detrusor muscle contractility. The finding of decreased compliance in the female cystinuria mice compared with controls supports the concept that cystine crystals, without frank stone formation in the bladder, can cause decreased bladder compliance by negatively affecting detrusor contractility.
